induced by several endogenous growth factors, including fibroblast growth factor-2, insulin-like growth factor (IGF)-1 and vascular endothelial growth factor. These growth factors are known to improve cognitive function either by direct effects on the generation of new neurons or indirectly through neurotrophic effects that promote the survival of new neurons in the hippocampus [3] .
Ghrelin, a 28 amino acid hormone mainly produced in the stomach [4] , is characterized by the presence of an n-octanoylation on the hydroxy group of Ser3 [5] . In addition to stimulating GH release from the anterior pituitary gland and inducing a positive energy balance by increasing appetite and decreasing fat usage through GH-independent mechanisms [6, 7] , ghrelin has been reported to exert a broad array of peripheral effects [8] . Moreover, over the last few years, increasing number of studies have reported that ghrelin acts in the central nervous system (CNS) to control neuronal function and subsequently influence diverse brain func-
Ghrelin treatment and BrdU injection
Rat acylated ghrelin (Peptides International, Louisville, KT) at a dose of 80 µg/kg was administered to the SDRs since we previously reported that this dose of ghrelin effectively stimulated cell proliferation in the DG of adult mice [10, 11] . The SDRs received ghrelin or saline intraperitoneally once daily for 8 consecutive days. Animals were injected with BrdU (50 mg/ kg) twice daily during the last 3 days of ghrelin treatment and transcardially perfused 1 day after the last BrdU injection for immunohistochemical evaluation of BrdU-labeled cells.
Tissue preparation
Animals were anesthetized with xylazine and ketamine and then perfused transcardially with a freshly prepared solution of 4% paraformaldehyde in phosphate-buffered saline (PBS). The brains were removed and post-fixed overnight in the same fixative before being immersed in a solution of 30% sucrose in PBS. Serial 40-µm-thick coronal tissue sections were cut using a microtome and stored in cryoprotectant (25% ethylene glycol, 25% glycerol, 0.05 M PB; pH 7.4) at -20 °C for later immunohistochemistry procedures.
Immunohistochemistry
In order to minimize staining variations, the brain sections from the same experiment were processed for immunohistochemical staining simultaneously. To ensure the detection of BrdU-labeled nuclei, we denatured the DNA before incubation with BrdU antibody because BrdU is incorporated into the DNA. DNA denaturation was performed in the following manner: tissue was incubated in 50% formamide and 2× SSC (1× SSC, 0.3 M NaCl and 0.03 M sodium citrate) for 2 h at 65 °C, rinsed for 15 min in 2× SSC, incubated again for 10 min in 0.1 M boric acid at pH 8.5. Free-floating tissue sections were then incubated overnight at 4 °C with primary antibodies (mouse anti-BrdU antibody, 1:1000, Roche, Mannheim, Germany; mouse anti-proliferating cell nuclear antigen (PCNA) antibody, 1:1000, Abcam, Cambridge, UK; goat anti-doublecortin (DCX) antibody, 1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The sections were incubated with appropriate biotinylated secondary antibody (1:200, Vector Laboratories, Burlingame, CA) and then visualized using the avidin-biotin-peroxidase complex method with diaminobenzidine tetrahydrochloride (DAB) as the chromogen. For immunodetection of BrdU, the DABtions, including learning and memory, anxiety, mood, reward, motivation and neuroprotection [9] . We previously reported that systemic administration of ghrelin stimulated proliferation of newly generating cells in the hippocampus of adult mice [10] . Furthermore, in our recent study [11] , we found that ghrelin knockout mice showed lower numbers of progenitor cells in the DG of the hippocampus, while ghrelin treatment restored progenitor cell numbers to those of wild-type controls. It also has been reported that ghrelin increases cellular proliferation of adult rat hippocampal progenitor cells in vitro [12] . However, it should be noted that we cannot exclude the indirect effects of ghrelin on hippocampal neurogenesis from these findings. Ghrelin potently stimulates GH secretion from the anterior pituitary gland [6] and consequently increases IGF-1 secretion from the liver. Given that both GH and IGF-1 infusions have been shown to increase hippocampal neurogenesis [13, 14] , there is a possibility that the action of ghrelin on hippocampal neurogenesis could be, at least in part, due to the ability of ghrelin to stimulate the GH/ IGF-1 axis.
Therefore, in this study, to explore the possibility that ghrelin-induced hippocampal neurogenesis might be mediated via indirect action of ghrelin on the somatotropic axis, we assessed the impact of ghrelin on progenitor cell proliferation and differentiation in the SGZ of spontaneous dwarf rats (SDRs), a dwarf strain with a mutation of the GH gene resulting in total loss of GH and decreased IGF-1 levels [15] [16] [17] . We also examined the effect of ghrelin on behavior of these animals in the Y-maze task and the novel object recognition (NOR) test.
Materials and Methods

Animals
Male SDRs (2~3 months: 55~60 g) were used in the present study. Animals were housed under controlled environmental conditions (12-h light and 12-h dark) with free access to food and water. They were habituated to the housing conditions for 7-10 days prior to the beginning of the experimental procedures. All experiments were approved by the Kyung Hee University Animal Care Committee and conducted according to the principles and procedures outlined in the NIH Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering and to reduce the number of animals used. tem (Santa Cruz Biotechnology). The bands were visualized using a ChemicDoc XRS system (Bio-Rad).
Behavioral analysis
The Y-maze is a three-arm maze with equal angles between all arms. The maze floor and walls were constructed from dark opaque polyvinyl plastic. Animals were initially placed within one arm, and the sequence and number of arm entries were recorded manually for each animal over an 8 min period. The percentage of trials in which all three arms were represented, i.e., ABC, CAB, or BCA but not BAB, was recorded as an alternation to estimate of short-term memory. Arms were cleaned between tests to remove odors and residues. The alternation score (%) for each animal was defined as the ratio of the actual number of alternation to the possible number (defined as the total number of arm entries minus two) multiplied by 100 as shown by the following equation: % Alternation = [(Number of alternations)/(Total arm entries -2)] × 100. The number of arm entries was used as an indicator of locomotor activity.
We also measured performance of the SDRs on NOR, a type of memory considered to be dependent upon the hippocampus [20, 21] . During the training phase, animals were first allowed to explore two identical objects (A and B) in a test chamber for 5 min. The exploration time for each object was recorded using a videobased Ethovision System (Nodulus, Wageningen, The Netherlands). After a 24-h delay, animals were placed again in the apparatus, where one of the original objects was replaced by a novel one (C), and exploration time was measured again for 5 min.
For the Y-maze task and NOR test, animals were implanted with subcutaneous Alzet osmotic minipumps (DURECT Corporation, Cupertino, CA) delivering either ghrelin (50 µg/kg per day ghrelin dissolved in saline, n=6) or vehicle (n=6) for 28 days. This dose of ghrelin was chosen from previous studies showing increased food intake, adiposity and bone mineral density [22, 23] .
Statistical analysis
Data are presented as mean ± SEM. Statistical analysis between groups was performed using 1-way ANOVA and Holm-Sidak method for multiple comparisons using SigmaStat for Windows Version 3.10 (Systat Software, Inc. Point Richmond, CA). P < 0.05 was considered statistically significant. nickel enhancement technique was used. To determine the number of PCNA-, BrdU-and DCX-labeled cells in the SGZ of the DG, every sixth section containing the DG of the hippocampal formation from each animal was selected. The total number of labeled cells was counted and then areas of the DG were measured on the Nissl-stained sections with Stereo Investigator software. The numerical density of labeled cells (per square millimeter) in the DG was calculated and converted to number per cubic millimeter by taking into account the section thickness [18] .
Detection of GHS-R1a expression
To determine if GHS-R1a was expressed in proliferating progenitor cells and early neuronal cells in DG of hippocampus, double immunofluorescence staining was performed. Free-floating sections were incubated with 5-(and 6-) carboxyfluorescein labeled rabbit anti-GHS-R1a antibody (1:500, Phoenix Pharmaceuticals, Burlingame, CA) and rabbit anti-Ki-67 (1:1000, Abcam, Cambridge, UK) or goat anti-DCX (1:1000) overnight at 4 °C. After washing, the sections were incubated with Cy3-conjugated secondary antibodies at room temperature for 1 h 30 min. Sections were counterstained with DAPI before mounting and images were acquired by the Carl Zeiss LSM 700 Meta (Oberkochen, Germany) confocal microscope. To determine the specificity of the GHS-R1a antibody used in this study, we performed immunocytochemical staining using HepG2 cells that are known not to express GHS-R1a [19] . The sections incubated without the primary antibody for GHS-R1a were also included as negative controls.
Western blot analysis was also carried out to further confirm GHS-R1a protein expression in SDR hippocampus. Hippocampi were lysed in a buffer containing 20 mM Tris-HCl (pH 7.4), 1 mM EDTA, 140 mM NaCl, 1% (w/v) Nonidet P-40, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, and 10 µg/ml aprotinin. Hippocampal lysates were separated by 12% SDS-PAGE and electrotransferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA). The membranes were soaked in blocking buffer (1× Tris-buffered saline, 1% BSA, 1% nonfat dry milk) for 1 h and incubated overnight at 4 °C with the primary antibodies against GHS-R1a (Santa Cruz Biotechnology; 1:500) or β-actin (Santa Cruz Biotechnology; 1:1000). Blots were developed using a peroxidase-conjugated anti-rabbit IgG and a chemiluminescent detection sys-
Results
GHS-R1a expression in adult hippocampal progenitor cells and neuroblasts in the SDR
Our previous study showed that ghrelin receptor is expressed in the progenitor cells (Ki-67-positive cells) in the DG of adult mice [10] . To examine whether adult hippocampal progenitor cells in the SDR express GHS-R1a, we performed double immunohistochemical staining for ghrelin receptor and Ki-67, which is a marker for quantitative analysis of cell proliferation of SGZ precursor cells [24] . As shown in Fig. 1 , GHSR1a immunoreactivity was observed in dentate granule cells and SGZ of the hippocampus. Subsets of cells expressing GHS-R1a were positive for Ki-67 (Fig. 1A , C and E). These results indicate that ghrelin receptor is expressed in Ki-67-positive progenitor cells in the SGZ of the SDR hippocampus. The mean number of Ki-67-positive progenitor cells per section was 37. We also found that DCX-positive cells colocalized with GHS-R1a immunoreactivity, indicating neuroblasts in the SGZ of the SDRs express ghrelin receptors (Fig.  1B, D and F) . HepG2 cells, which are known not to express GHS-R1a [19] , were used to validate the specificity of GHS-R1a antibody. We found no GHS-R1a immunoreactivity in these cells ( Fig. 1G; left) . In addition, no labeling was present in no primary antibody control (Fig. 1G, middle and right) . The presence of GHS-R1a in SDR hippocampus was further confirmed by western blot analysis. Fig. 1H revealed that GHSR1a protein was detected in the hippocampus of SDR. The specificity of the GHS-R1a antibody used in western blot analysis was validated previously [25] .
Systemic administration of ghrelin stimulates proliferation and neuronal differentiation of adult hippocampal progenitor cells in the SDR
Our reports [10, 11] suggest that ghrelin directly induces proliferation and differentiation of adult neural progenitor cells in the SGZ. To examine if ghrelin induces hippocampal progenitor cell proliferation through the indirect action of ghrelin on the GH/IGF-1 axis, we tested whether treatment of GH-deficient SDRs with ghrelin (80 µg/kg, ip, once daily for 8 consecutive days) increased neurogenesis in the DG of the hippocampus. Administration of ghrelin is known to cause a significant increase in food intake in the SDRs [26, 27] . Cumulative food intake was significantly increased in animals treated with ghrelin when compared to vehicle-treated group as expected (data not shown). We first assessed the number of cycling cells in the DG regions of the SDRs by using PCNA, a marker for cell proliferation [1] . In animals treated with ghrelin, the number of PCNA-labeled cells in the SGZ (2714 ± 230/mm 3 ) was significantly higher than in vehicle-treated animals (1896 ± 234/mm 3 ; P < 0.05) (Fig. 2A, C) . Consistent with these findings, we found that ghrelin treatment in the SDRs significantly increased the number of BrdU-labeled cells in the DG 1 day after the last BrdU injection (3906 ± 438/mm 3 vs. 5756 ± 801/mm 3 ; P < 0.05) (Fig. 2B, D) . To determine whether ghrelin also affects neuronal differentiation in the SGZ in the SDR, we measured the number of DCX, a marker of early neuronal differentiation [28] . The number of DCX-labeled cells in the SGZ of ghrelin-treated SDRs (15233 ± 1436/mm 3 ) was significantly higher than in the vehicle-treated SDRs (9022 ± 654/mm 3 ; P < 0.05) (Fig. 3A, B) . Taken together, these results suggest that ghrelin stimulates proliferation and neuronal differentiation of adult hippocampal progenitor cells independently of GH/IGF-1 axis.
Effect of ghrelin on learning and memory processes in the absence of GH
To investigate whether ghrelin plays a direct role in hippocampus-dependent spatial working memory performance independently of somatotropic axis, SDRs were tested for spontaneous alternation behavior in the Y-maze. There was no difference in total entry between groups (Fig. 4A) . Ghrelin treatment for 4 weeks by subcutaneous osmotic pump significantly increased alternation rates in the Y-maze compared to vehicle-treated controls (Fig. 4B) . We also measured how SDRs performed in the NOR test that is used to assess non-spatial memory and relies on the animal's natural tendency to differentially explore novel objects over familiar ones. The NOR is known to depend, in part, on hippocampus [20, 21] . In the first phase of the test, there was no significant difference in total exploration time between groups and two groups spent similar amounts of time at each object (A or B) (Fig. 4C) . After a 24-h delay, the animals were exposed to two dissimilar objects placed in the same test chamber: one familiar object (A or B) used in the first phase and one novel object (C), and the time spent exploring each of the objects was measured. As shown in Fig. 4D , ghrelin-treated animals showed significantly increased exploration time for novel object and decreased explo- and neuronal differentiation of progenitor cells in the SGZ of the SDRs. It is evident that ghrelin plays an important role in learning and memory processes even in the absence of GH because ghrelin enhanced memory performance of the SDRs in the Y-maze task and NOR test. Ghrelin exerts its effects by activating the only functional receptor, GH secretagogue receptor 1a (GHSR1a), which is a G-protein-coupled 7 transmembrane receptor. The GHS-R1a belongs to a family of receptors operating via the Gq-phospholipase C pathway and has been first cloned from the pituitary gland and hypothalamus [29] . This receptor is also highly expressed in the brain regions outside the hypothalamus, including DG of the hippocampus [30] . In this study, consistent with our previous report [10] , ghrelin receptor was expressed in hippocampal progenitor cells in the ration time for familiar one when compared to vehicletreated animals. These data suggest that replacement therapy of ghrelin by subcutaneous osmotic mini-pump improved their memory of the previous objects.
Discussion
Ever since the discovery of ghrelin, initial studies showed that ghrelin acts primarily at the anterior pituitary gland and hypothalamus to stimulate GH release and food intake [5] . In addition to its important role in energy homeostasis, emerging evidence suggests that ghrelin acts in the CNS to control neuronal function [9] . In the current study, we provide evidence that ghrelin regulates adult hippocampal neurogenesis independently of GH/IGF-1 axis. Specifically, peripheral administration of ghrelin increased proliferation were increased by ghrelin administration. The stimulatory effects of ghrelin on cell differentiation were also observed in other cell types, including osteoblasts, adipocytes and neurons [33] . Collectively, these findings suggest that ghrelin increases proliferation and neuronal differentiation in the adult CNS independently of GH/IGF-1 axis. However, in this study, we measured neurogenesis by assessing BrdU-, PCNA-and DCXlabeled cells, thus, we assayed only the initial stage of neurogenesis−proliferation and early differentiation of neuronal precursor cells. Therefore, it remains to be addressed how ghrelin might influence subsequent events, such as survival of newly generated neurons or further developmental maturation. Extracellular signal regulated kinase (ERK) 1/2 and Akt are believed to play important roles in regulating proliferation of neural progenitor cells [34] [35] [36] . We have reported that ghrelin can activate the phosphatidylinositol 3 kinase (PI3K)/Akt and ERK1/2 pathways in neuronal cells and these pathways mediate the protective effect of ghrelin against ischemic injury [37, 38] . In addition, treatment of adult hippocampal progenitor cells with GHS hexarelin is known to activate the ERK1/2 and PI3K/Akt pathways [12] . These findings suggest that ghrelin stimulates adult hippocampal progenitor cell proliferation through the activation of ERK1/2 and PI3K/Akt. Supporting evidence of this assumption is that the dominant negative Akt decreases cell proliferation [34] and that the inhibition of ERK blocks proliferation of neural progenitor cells [39, 40] . The precise role of these pathways in ghrelin-induced adult hippocampal progenitor cell proliferation remains to be determined.
Next, we investigated the possibility that the effect of ghrelin on learning and memory processes might be mediated through the activation of the somatotropic axis using the SDRs and found that ghrelin directly improved cognitive function independently of GH/IGF-1 axis. We have recently reported that mice with targeted deletion of the ghrelin gene showed impaired memory performance, which was rapidly reversed by ghrelin replacement [11] . Similar findings were also reported by Diano et al. [41] . Given that hippocampal neurogenesis is correlated with learning and memory processes [2] , enhanced neurogenesis by ghrelin administration may be associated with improved cognitive function in the SDRs. In fact, enhanced memory performance in hippocampus-dependent behavioral test [42, 43] and increased hippocampal neurogenesis [44] are observed in calorie restricted SDRs, suggesting an involvement of ghrelin in adult hippocampal neurogenesis in the absence of GH.
We have recently reported that endogenous ghrelin modulates adult hippocampal neurogenesis and it is important for ghrelin-induced improvement in cognitive function [11] . Targeted disruption of ghrelin gene resulted in reduced numbers of hippocampal progenitor cells, which was restored by ghrelin administration. These findings suggest that peripherally administered ghrelin enters the hippocampus and directly stimulates hippocampal neurogenesis. However, there is also a possibility that the stimulatory effect of ghrelin on hippocampal neurogenesis could be, at least in part, due to the ability of ghrelin to stimulate the somatotropic axis [6] , because both GH and IGF-1 infusions have been shown to increase hippocampal neurogenesis [13, 14] . To address this possibility, we examined the effect of ghrelin in the SDRs, a dwarf strain with a mutation of the GH gene resulting in absence of circulating GH [15] [16] [17] . In the SDRs, plasma IGF-1 levels are also reduced [31] , because synthesis and secretion of IGF-1 from the liver is under the control of GH. It has been shown that stimulation of SDR pituitaries with GHRH or db-cAMP fail to increase secretion of GH [17] , indicating that exogenous administration of ghrelin into SDRs does not stimulate GH and IGF-1 secretion. Therefore, the SDRs have been widely used for the study of GH-independent effects of ghrelin [23, 26, 27, 32] . Even in the absence of endogenous GH, ghrelin augmented proliferation of hippocampal progenitor cells, further supporting a direct role of ghrelin on hippocampal neurogenesis. Indeed, we have recently reported that ghrelin increases the proliferation of cultured adult rat hippocampal neural stem cells in a dosedependent manner and the exposure of cells to the receptor-specific antagonist D-Lys-3-GHRP-6 abolished the proliferative effect of ghrelin [25] . These in vitro findings suggest that ghrelin stimulates proliferation of hippocampal progenitor cells through the activation of GHS-R1a.
Our results also showed that neuronal differentiation was affected by ghrelin in the absence of GH, because DCX-labeled cells were increased by exogenous administration of ghrelin in the SDRs. It has been reported that ghrelin increases neuronal differentiation in the DG of the hippocampus in adult mice [11] . Specifically, the fraction of newly generated neurons as well as the number of BrdU-labeled cells in the GKO mice after 28 days of BrdU administration was decreased, which modulate behavior related to reward and motivation by enhancing the mesolimbic dopaminergic system [9] , which has been recognized for its central role in motivated behavior and in cognitive processes [56] .
In conclusion, we have demonstrated that ghrelininduced proliferation and neuronal differentiation of progenitor cells and enhancement of cognitive function are mediated independently of somatotropic axis. Our data support the idea that ghrelin-induced hippocampal neurogenesis may be required for the actions of ghrelin on hippocampus-dependent learning and memory processing. Therefore, ghrelin may be a plausible therapeutic approach for impaired cognitive function.
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adult animals, where circulating ghrelin levels are increased [45] . However, in ischemic injury and epilepsy, memory impairments are caused by neuronal cell loss in the hippocampus [46, 47] . Therefore, ghrelininduced stimulation of hippocampal neurogenesis may play an important role in improving cognitive function even in the absence of GH.
However, another possibility of indirect effects of ghrelin cannot be excluded at this stage. Considering that i) neuropeptide Y (NPY) stimulates proliferation of neuronal precursor cells in the DG of adult mice [48] , ii) NPY has important effects on learning and memory processes [49] , and iii) ghrelin enhances NPY activity in the brain [50] , NPY may be involved in the stimulatory effect of ghrelin on hippocampal neurogenesis and cognitive function. It also suggested that the effects of ghrelin on memory could depend on the availability of serotonin, since pretreatment of animals with fluoxetine, a selective serotonergic reuptake inhibitor, decreases ghrelin-induced short and long term memory retention [51] . Moreover, serotonin increases the rate of neurogenesis in DG [52] . It also should be noted that the activation of vagus nerve might have significant role in conveying systemically administered ghrelin signals to the brain. In fact, blockade of the gastric vagal afferent system by vagotomy abolished peripheral ghrelin-induced feeding, reduced ghrelin-induced GH secretion [53, 54] and blunted ghrelin's neuroprotective effects in focal cerebral ischemia [55] . In addition, ghrelin-induced behavioral changes may be associated with learning and memory. Ghrelin is known to
